Introduction
The thermal physical properties of molten iron are largely depending on the carbon content, which determines the strength, the hardness and the wear resistance of the final steel products. Therefore, it is paramount to understand the interactions of the carbon molecules of the molten iron, and its influence on the macroscopic thermal physical properties.
A number of experiments [1] [2] [3] [4] have been performed to measure the thermal physical properties of the carbon in molten iron. Jimbo et al. 1) measured the density of the liquid Fe-C alloys at a temperature range from 1 250°C to 1 550°C. Richardson et al. 2) measured the energy of interaction between carbon atoms when carbon dissolved in molten iron between 1 560°C and 1 760°C. Lee et al. 3) suggested that the effect of the carbon on the surface tension of the Fe-C-S alloy was indicated to be obvious when the Sulphur content is less than 0.005%. Despite these findings, the interactions between the carbon and the molten iron at the molecule level remains poorly understood with limited theoretical and experimental advancements.
Recent advancement of the molecular dynamics modelling tools has enabled the investigation of micro-macro transitional characteristics during metallurgical process. Utilization of such method is able to predict the heat and mass transfer between molecules, 5) as well as to examine the localized atomic structural changes, including the chemistry and topology. 6, 7) A study conducted previously by present authors on molecular dynamics modelling of pure molten
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iron suggested that proper adoption and validation of the molecular dynamics modelling tool may enhance the current understanding of the micro-macro behaviors of the molten iron for enhancing product quality. 8) Based on the forgoing comments, the purpose of this paper is to further investigate the effect of carbon on the thermal physical properties including density, viscosity and self-diffusion coefficient of molten iron in a temperature range from 1 500 K to 2 500 K. Comparison between the molecular dynamics modelling results and the experimental data is also to be made to suggest the applicability of such method during steel production.
Methodology
Molecular dynamics simulation is a numerical modelling method based on microscopic physical-chemical interacting laws between the molecules/atoms. It has increasingly been applied to the research of materials properties and the development of new materials. Often, an empirical potential function is employed to describe the interactions between the atoms.
9)
The molten iron modelled in this study is consisted of Fe atoms and C atoms. Three atomic contacts were investigated in the system. The interatomic interaction potentials of alloy systems are considerably more complex than that of elementary metals because of the existence of the interspecies interaction. Several empirical interatomic potentials have been published to describe the Fe-C interaction. [10] [11] [12] However, some of them fail to simulate at high concentration of C 10) or even exclude the C-C interaction 11) and others only describe the low-temperature α phase.
12) Therefore, the hybrid inter-atomic potentials were suggested to be utilized when performing molecular dynamics simulation where the full interacting potentials are lacking. [13] [14] [15] Therefore, the following hybrid inter-atomic potentials are adopted:
a. In the present work, the interaction between Fe atoms is calculated using the embedded atom method (EAM) potential function proposed by Mendelev.
16) The EAM potential was derived through employing the first-principles in a model and directly using experimental liquid microstructure data, which is in better agreement with density, liquid microstructure factor of molten iron comparing to other existing EAM iron potentials. This method was validated by a large number of investigations. [17] [18] [19] It has been successfully demonstrated that the EAM potential method can accurately reproduce both experimentally measured and ab initio calculated properties. The physical model of molten iron with carbon is constructed on the basis of pure iron model, which was used in our previous work. 8) Depending on the carbon content, iron atoms are randomly substituted with different numbers of carbon atoms. In this work, carbon content of the molten iron is defined as the percentage of the total number of carbon atoms to the total number of atoms in the system, labeled as [C_content] . The number of iron atoms and carbon atoms with different carbon content modelled are shown in Table 1 :
The size of the simulation system was set as 20 × 20 × 20 (a Fe ) 3 . a Fe stands for the lattice constant of iron. The initial microstructure was using a BCC (body-centered cubic) microstructure with a total number of atoms of 16 000. The periodic boundary condition was used in all three Cartesian coordinates, and the initial velocity distribution of Fe atoms and carbon atoms are configured according to the Maxwell velocity distribution. The temperature and pressure of the system was controlled by the Nose-Hoover method. Numerical integration of Newton equation was utilizing the verlet-velocity method with a time step 0.2 fs. All simulations were performed using the open source code-LAMMPS (large-scale atomic/molecular massively parallel simulator). 23) In order to obtaining high temperature carbon containing molten iron, the simulation system was initially heated from 1 K to 2 500 K; and then it was cooled down to the target temperature by a rate of 1 K·ps . The heating and cooling process with 1 mol% carbon content is shown in Fig.  1 . Thermal physical properties of molten iron at the target temperature in the subsequent calculation are obtained using this method.
As shown in Fig. 1 , the volume at the target temperature is closer to that in the solid phase during the cooling process. While, the behavior is different for pure iron case in which the target temperature is closer to that in the liquid pahse.
8) The exact reason for this phenomenon hasn't been figured out yet. As we know, the validity of each separate potential model to describe the corresponding interatomic interaction had been proved by a large number of inverstigations. [17] [18] [19] [20] [21] However, the combination of the three potentials for describing the interatomic interaction of molten iron with carbon may not be as perfect as the real situation, which might result in a slight deviation in the simulation results.
Though some difference exists in the trend of the cooling process, the accuracy of the results can be proved by comparing the simulation results with the available experimental data (see Section 3). It can be seen from maximum error of the density between experiments and simulations is 2.03%, which is pretty small. Thereby, the accuracy of the volume change is guaranteed due to the fact that the volume and density are a pair of relevant variables. Nevertheless, the difference of the trend change needs to be studied further. In the future work, the emphasis will be focused on the comparisons of other combination of the potentials to describe such interatomic interaction.
Results and Discussion

Density of Molten Iron with Carbon
Results of the density for the molten iron studied in the system are shown in Fig. 2 , from which linear correlations between the density and temperature, and the carbon content were exhibited in a temperature range of 1 500 K-2 500 K and a carbon content of 1 mol%-6 mol%. The linear correlation between the density and temperature of the molten iron may be described using Eq. (5) ) ... (5) The values of the parameters a and b for different carbon contents are shown in Table 2 :
The measured density results of the molten Fe-C alloys in a temperature range from 1 973 K to 2 373 K using a levitation method was conducted by Saitō et al., 24) and the results were used to compare against the modelling results obtained above. From Table 3 , it indicated that the results from the modelling in this study showed good agreements with the measured results with a maximum relative error of 2.03% across the temperature compared.
Additionally, a linear relationship was exhibited among the carbon content, the density and the temperature. A leastsquare method was used to derive the fitting parameters for the proposed correlation shown in Eq. (6).
where ρ is the density, T is the temperature and the carbon content [C_content] is the independent variable.
Based on the melting point of the pure molten iron is T m = 1 811 K and the least-square method, initial values of ρ 0 , k 1 and k 2 are set to 1, and the model coefficients can be solved using an iterative method. Results of obtained coefficients are shown in equation below and the coefficient of determination is R 2 = 0.9989. Simulation results show that the density of molten iron increases with the temperature reduction and decreases with the carbon content rise. When the carbon content increased by 1 mol%, the density of molten iron decreased by an average of 0.63%. When the temperature was increased from 1 500 K to 2 500 K, the density of molten iron decreased by an average of 7.73%.
Viscosity of Molten Iron
The viscosity of molten iron was calculated using the Green-Kubo method, 25, 26) which is based on the linear response theory and relates the dynamic variables and the correlation function with an equilibrium micro-disturbance to the system. 
Where α, β is the coordinate direction, n is the numbers of atom, m is the mass of atom, v is the velocity of atom, r ij and f ij is the displacement and force between atom i and j. K B = 1.3807J·K − 1 , which is the Boltzmann constant. T is the temperature and P is the pressure.
Results of the viscosity in relations to the temperature and the carbon content are shown in Fig. 3 . No obvious correlation is indicated between the viscosity and the carbon content across the range studied. However, the viscosity of molten iron clearly decreases with an increasing temperature. The modelling results are also compared with experiment results obtained by Kawai et al. 27) in Table 4 . The relative error between the modelling and experimental results is within 10%.
The maximum standard deviation of molten iron in the temperature range of 1 500 K-2 500 K is 0.34, which indicates that the viscosity variation is relatively small across the different carbon contents studied. Overall, in the carbon content of 1 mol% -6 mol%, the correlation between the viscosity of molten iron and temperature exhibited a quadratic function. The relationship between the viscosity of different carbon contents and the temperature is derived by fitting the proposed quadratic function. The following relationship is obtained: (12) where r(0) and r(t) are the initial and final positions of the particle after the time t.
The MSD of each atom in the molten iron was obtained by relaxing the system 200 ps under the NVT ensemble (constant temperature and constant volume ensemble), and results are shown in Fig. 4 . With the MSD value increasing linearly with the time, it is indicated that the system has reached a completed molten state. An increasing temperature has led to an increasing slope of MSD lines, suggesting that the movement of molten iron is more intense as the temperature rises. In the meantime, the increase of the carbon content results in a gradual MSD reduction.
The self-diffusion coefficient of molten iron is calculated from formula. From Fig. 5 , it is indicated that the self-diffusion coefficient of molten iron increases with the temperature rise, which has the same tendency as the results of pure iron case.
8) At 1 500 K, the self-diffusion varied slightly with carbon content. With the increase of the temperature, higher carbon content resulted smaller increase in the self-diffusion coefficient. When the temperature was increased from 1 500 K to 2 500 K, the self-diffusion coefficient of molten iron was increased by approximately eight times. The possible reason is that the carbon atoms in the molten iron formed a carbon chain or a carbon network, and the momentum of the molecules when bundled together is smaller than a single atom, thus reducing the MSD of the atoms, and also decreasing the self-diffusion coefficient.
Arrhenius equation is usually used to describe the temperature dependence of self-diffusion coefficients. Arrhenius equation is expressed as: (13) where D is the self-diffusion coefficient, D 0 is the preexponential factor, E is the activation energy, R is the gas constant = 8.3144 Jmol
, and T is the temperature of molten iron.
1/RT and ln(D) from Eq. (13) is plotted at various carbon content in Fig. 6 . A linear correlation was indicated between the two parameters. The slope of fitting line is the activation energy of the molten iron, and the intercept is the natural logarithm of the pre-index of the molten iron. The parameters of the Arrhenius form diffusion equation with different carbon content can be obtained. The activation energy and pre-exponential factors of carbon containing molten iron under different carbon contents are shown in Table 5 . It can be seen that activation energy and pre-exponential factor tend to decrease with increasing carbon content. 
Phonon Thermal Conductivity of Molten Iron
The thermal conductivity of metallic materials consists of phonon thermal conductivity and electrical thermal conductivity. The classical molecular dynamics (MD) method can only calculate the phonon thermal conductivity due to that MD method is based on Newtonian motion mechanics, which considers no influence of electrons.
Due to the lack of literature on the electronic thermal conductivity of molten iron, only the phonon thermal conductivity of carbon containing molten iron is calculated in this study. The size of the simulation system when calculating the thermal conductivity of the molten iron is 10 × 10 × 20(a Fe ) 3 , and the total number of atoms is 8 000. The phonon thermal conductivity of molten iron at different carbon contents is calculated by replacing iron atoms with random introduction of carbon atoms. The total number of atoms in iron and carbon in the simulation system is shown in Table 6 . NPT (constant temperature and constant pressure ensemble) system was used to obtain the molten iron at different temperatures, and then relaxed under the NVE (constant energy and constant volume ensemble) system. The time step was 0.2 fs. Muller-Plathe Method (M-P method) 29 ) is adopted to determine the thermal conductivity of molten iron. As shown in Fig. 7 , the M-P method cuts the simulation system into 20 layers along the z direction, then exchanges the hottest atoms' velocity vector of the first layer and coldest atoms' in 11th layer to create a temperature gradient. The phonon thermal conductivity can then be calculated by monitoring the heat flux.
From Fig. 8 , it is indicated that the phonon thermal conductivity of molten iron varies slightly when the temperature is in 1 500 K-2 500 K. The phonon thermal conductivity of carbon containing molten iron exhibits some fluctuation with the temperature increase. There is no obvious trend observed between carbon content and phonon thermal conductivity at the same temperature, but the overall trend while temperature increasing is declining.
Conclusion
In the present work the thermal physical properties of molten iron with carbon at 1 500 K-2 500 K were numerically investigated by MD method. The main conclusions are summarized below:
(1) The proposed numerical models for calculating density and viscosity of molten iron were validated by available experimental data.
(2) The density decreases linearly with the carbon content or temperature, whereas the viscosity decreases quadratically with the temperature. Two correlations were proposed based on the least square method for calculating the density and viscosity.
(3) There is no obvious trend observed between carbon content and phonon thermal conductivity at the same temperature, but the overall trend while temperature increasing is declining.
